Abstract. Epidermal growth factor receptor (EGFR) somatic mutations are found in the majority of non-small-cell lung cancers (NSCLCs) and patients with NSCLC who harbor EGFR mutations have been shown to exhibit increased sensitivity to the small-molecule EGFR-tyrosine kinase inhibitors (TKIs) gefitinib and erlotinib. However, the majority of tumors develop acquired resistance to EGFR-TKIs after a median of 10-16 months, which limits the clinical efficacy of these drugs. Autophagy, an important homeostatic cellular recycling mechanism, has emerged as a potential target for the acquired resistance phenotype. Recently, several studies demonstrated that autophagy may be induced in a dose-dependent manner by treatment of multiple cancer cell lines with EGFR-TKIs in vitro. Furthermore, it was recently reported that autophagy, as a cytoprotective response, may be activated by EGFR-TKIs in lung cancer cells and that the inhibition of autophagy enhanced the cytotoxic effect of EGFR-TKIs. In this review, we aimed to focus on the association between resistance to EGFR-TKIs and autophagy, and assess whether autophagy inhibition represents a promising approach to improve the efficacy of EGFR-TKIs in the treatment of NSCLC patients.
Introduction
Non-small-cell lung cancer (NSCLC) remains the leading cause of cancer-related mortality worldwide (1) . NSCLC is closely associated with mutations of the epidermal growth factor receptor (EGFR), which are associated with adenocarcinoma histology, female gender, Asian ethnicity and a non-smoker status (2, 3) . Subsequent to ligand binding, EGFR becomes activated via phosphorylation. Phosphorylated EGFR subsequently activates pro-survival and antiapoptotic signals through its downstream targets, such as Ras̸Raf̸MEK̸MAPK, JA K̸STAT, PI3K̸A KT̸mTOR, NCK̸ PA K̸ J N K and PLC̸PAG̸PKC ( Fig. 1) (4, 5) . Consequently, inhibition of the EGFR network may activate the intrinsic mitochondrial apoptotic pathway and exhibit antitumor activity against NSCLC. Two specific EGFR-tyrosine kinase inhibitors (TKIs), gefitinib and erlotinib, have been approved by the Food and Drug Administration (FDA) thus far for the treatment of patients with advanced NSCLC. Notwithstanding the success of these drugs in cases of NSCLC with classical EGFR mutations, it appears that all the cases ultimately relapse, resulting in acquired resistance to EGFR-TKIs (6) . These unsatisfactory outcomes are, in part, due to macroautophagy (hereafter autophagy), which is considered to be crucial in the resistance to EGFR-TKIs.
Autophagy is a catabolic process in which portions of cytosol and organelles are sequestered into a double-membrane vesicle and delivered to the lysosome for bulk degradation to maintain cellular homeostasis (7, 8) . The role of autophagy in regulating cancer cell death or survival has not been fully elucidated. When cancer cells are subjected to unfavorable conditions, such as nutrient-deficient environment or treatment with anticancer drugs, autophagy is rapidly upregulated to function as a cytoprotective mechanism which enhances cancer cell survival, and may contribute to the resistance to anticancer therapies (9) . Excessive autophagy may also lead to autophagic cell death, which is also referred to as type II programmed cell death to distinguish it from type I programmed cell death (apoptosis) (10) . Various stress signals may induce autophagy, including p53, phosphatidylinositol 3-kinase (PI3K)̸mammalian target of rapamycin (mTOR), AMP-activated protein kinase (AMPK) and other signaling pathways (11, 12) . Among these signals, the AMPK̸mTOR axis is critical for the regulation of autophagy. Since PI3K̸AKT̸mTOR signaling is involved in the regulation of EGFR as well as in autophagic flux, there is likely an association between autophagy and EGFR. Our laboratory recently reported that EGFR-TKIs may activate cell autophagy to impair the sensitivity of lung cancer cells to targeted therapy by inhibiting the AKT/mTOR/p70S6K signaling pathway (13) . In this review, we aimed to summarize recent studies on the ability of EGFR-TKIs to induce autophagy, assess whether this ability is correlated with EGFR-targeted therapy resistance and investigate the prospect of manipulating this ability as a novel method of sensitizing cancer cells to these type of drugs.
EGFR and autophagy regulation
The EGFR signaling pathway is frequently dysregulated in a variety of human malignancies, which has attracted interest in EGFR as a target of anticancer therapies. Several small-molecule TKIs, such as erlotinib or gefitinib, as well as anti-EGFR antibodies, such as cetuximab, have been approved by the FDA and the European Medicines Evaluation Agency for the treatment of patients with breast and colorectal cancer, NSCLC, squamous cell carcinoma of the head and neck and pancreatic cancer (14) (15) (16) .
Although generally known as a plasma membrane protein, EGFR has also been identified in the nucleus and mitochondria (17, 18) . Increasing evidence has indicated that the EGFR functionality may be dependent on its subcellular location. In the plasma, EGFR is best known for its classical function as a membrane-bound receptor tyrosine kinase, which is phosphorylated following ligand binding to activate its downstream targets, which are involved in the regulation of autophagy. However, in the nucleus, EGFR behaves as a transcriptional regulator and mediator of other physiological processes. There is currrently no evidence to elucidate whether EGFR is associated with autophagy. Recently, the mitochondrial localization of EGFR was also reported, although the role of mitochondrially localized EGFR is unknown (19) . A novel role of mitochondrial EGFR, that appears to regulate apoptosis and autophagy, was recently identified (Fig. 2) (19, 20) .
Cytoplasmic EGFR is a member of the human epidermal growth factor receptor (HER)̸ErbB family of receptor tyrosine kinases. Upon binding to its ligand, EGFR undergoes homoor heterodimerization with its family members ErbB2̸neu, ErbB3̸HER3 and ErbB4̸HER4, which leads to the phosphorylation of EGFR and other intracellular signaling proteins and subsequently initiates a number of downstream signaling molecules that are critical for cancer cell growth, survival and proliferation (21, 22) . The main pathways triggered by EGFR activation include MAPK, JAK̸STAT, PI3K̸AKT̸mTOR, NCK̸PAK̸JNK and PLC̸PAG̸PKC, all of which exert a potent stimulatory effect on autophagy ( Fig. 1) (4,5) . Although autophagy enhanced by troglitazone is considered to be independent of EGFR transactivation, it was more recently demonstrated that EGFR may mediate autophagy through its downstream signals, such as the AMPK̸mTOR pathway (23) . Mammary epithelial cells expressing the delE746-A750 EGFR oncogene have a functional AMP/LKB1/AMPKα sensor circuitry. Moreover, EGFR activation protects against ultraviolet-induced apoptosis in cultured mouse dendritic cells through the induction of the LKB1̸AMPK pathway (24, 25) . The EGFR inhibitor BIBU may induce apoptosis and prevent execution of autophagy (27) reported that activation of EGFR via pathways involving ERK1/2, p38 MAPK and AKT̸FOXO promoted cardiac cell survival during ischemia-reperfusion injury. Chen et al (28) demonstrated that the surface receptor EGFR and its downstream ERK̸MAPK signaling pathway are crucial in the activation of autophagy in cathepsin S-targeted cells. Furthermore, a recent study indicated that EGFR downstream signal JNK exerts a major protective effect by increasing autophagy, leading to antagonising apoptosis and ROS generation in A431 cells (29) . These data support the fact that cytoplasmic EGFR contributes to autophagic regulation by its downstream signalings, although the association between EGFR and autophagy remains unelucidated.
Mitochondrial detection of EGFR was first reported by Boerner et al (18) . That study demonstrated that EGFR may translocate to the mitochondria through interaction with cytochrome c oxidase subunit II, which may positively regulate survival pathways that contribute to the development of breast cancer. Recent studies indicated that mitochondrial EGFR and EGFRvIII, a constitutively activated variant of EGFR, may contribute to tumor resistance to anticancer therapy through the regulation of autophagy (20, 30) . EGFR mitochondrial translocation may be enhanced in A431 cells by rapamycin, an autophagy inducer. Conversely, autophagy inhibition by 3-methyladenine (an inhibitor of autophagy) or Beclin 1 knockdown by small interfering RNA (siRNA) leads to a reduction of the rapamycin-induced mitochondrial import of EGFR (20) . Cao et al (31) demonstrated that tumor cells exhibiting mitochondrial EGFRvIII accumulation were highly resistant to Iressa-mediated growth inhibition and mitochondrial accumulation of EGFR as well as EGFRvIII, contributes to cancer drug resistance. Thus, under certain unfavorable and harsh microenvironment conditions, EGFR mitochondrial translocation modulated by autophagy may be critical for cell survival in certain cancer cell types.
Several target genes and microRNAs (miRNAs) are also involved in the regulation of EGFR and autophagy (Fig. 2) . A knockout of the tumor susceptibility gene 101 (Tsg101), an essential requirement for cell cycle progression and cell viability, leads to decreased expression of EGFR and induction of autophagy prior to cell death, which suggests that Tsg101 knockout cells may utilize autophagy as an ultimate survival mechanism prior to their death (32) . The EGFR antibody cetuximab has been proven to induce autophagy to protect cancer cells against apoptosis by downregulating HIF-1α and Bcl-2 and activating the Beclin 1/hVps34 complex (33) . In addition, two miRNAs, miR-221 and miR-222, were recently identified as downstream targets of the EGFR̸Ras̸Raf̸MEK pathway, which are involved in the acquisition of resistance to antineoplastic therapies (34) . However, the molecular mechanisms underlying the antitumor activity of these genes and miRNAs have not been fully elucidated.
Autophagy inhibition may be a promising therapeutic strategy for enhancing the effects of EGFR-targeted therapy in NSCLC
Recent studies have demonstrated that tumor resistance to anticancer therapies, including radiation therapy, chemotherapy and targeted therapies, may be increased through the upregulation of autophagy in different tumor cell lines (35, 36) . The resistance to gefitinib and erlotinib is often mediated by acquisition of the T790M mutation, which accounts for 50% of NSCLCs (37, 38) . Notably, EGFR T790M expression did not affect the activity of the EGFR downstream pro-survival signaling pathways. Moreover, the inhibition of signaling molecules downstream of EGFR did not enhance the sensitivity of NSCLC cells with EGFR T790M mutation to EGFR-TKIs, suggesting that there may be another route Figure 2 . Association between autophagy and acquired epidermal growth factor receptor-tyrosine kinase inhibitors (EGFR-TKIs) resistance. Cytoplasmic EGFR contributes to autophagic regulation through its downstream signaling and EGFR mitochondrial translocation modulated by autophagy may be critical for cell survival in certain types of cancer cells. Furthermore, tumor susceptibility gene 101 (Tsg101), HIF-1α, Bcl-2 and miR-221/222 are also involved in the regulation of EGFR and autophagy. All these factors may contribute to the resistance to EGFR-TKIs in patients with non-small cell lung cancer.
mediating EGFR-TKI resistance (39) . A recent study demonstrated that autophagy inhibition acted synergistically with erlotinib to induce glioblastoma cell death (40) . Guo et al (41) investigated the utility of autophagy-related proteins Beclin-1 and LC3 in predicting cetuximab efficacy in advanced colorectal cancer (ACRC) and observed that the patients with low Beclin-1/LC3 expression exhibited a longer progression-free survival and objective response rate compared to those with high Beclin-1 expression, indicating that autophagy may reduce cetuximab efficacy in patients with ACRC. Our laboratory recently reported that autophagy, as a cytoprotective response, may be activated by EGFR-TKIs in lung cancer cells and autophagy inhibition by chloroquine (CQ) and siRNAs targeting ATG5 and ATG7 enhanced the cytotoxicity effect of the EGFR-TKIs gefitinib and erlotinib (13) . These results indicate that the combination of autophagy inhibitors and EGFR-TKIs may represent novel clinical strategies for enhancing the cytotoxic effect of EGFR-TKIs.
Several autophagy inhibitors, such as CQ and hydroxychloroquine (HCQ) have been investigated in preclinical studies or clinical trials. CQ and HCQ are antimalarial drugs that recently attracted attention as potential anticancer agents and chemosensitizers, when used in combination with anticancer drugs (42) (43) (44) (45) . In order to assess the efficacy of the combination of HCQ with conventional chemotherapeutics, three clinical trials (NCT00809237, NCT01649947, NCT00977470) are currently being launched. A phase I study on advanced NSCL patients with prior clinical benefit from EGFR-TKIs investigated the safety, maximum tolerated dose, clinical response and pharmacokinetics of HCQ, with and without erlotinib. As a result, HCQ, with or without erlotinib, was shown to be safe and the recommended phase II dose for HCQ with 150 mg erlotinib is 1,000 mg daily (46) . Although this study did not elaborate on the difference in survival, the safety of adding HCQ to erlotinib was established. However, the efficacy of the combination of HCQ with EGFR-TKIs requires further investigation.
Issues and perspectives
NSCLC cells with EGFR mutations are sensitive to the small-molecule EGFR-TKIs gefitinib and erlotinib, although acquired resistance eventually develops. EGFR̸EGFRvIII on the cell surface and mitochondria may transmit pro-survival and antiapoptotic signals, such as PI3K̸AKT̸mTOR. All these signals exert a strong stimulatory effect on autophagy. The cytoplasmic EGFR may modulate autophagy, whereas EGFR mitochondrial translocation may be increased by autophagy.
Autophagy, as a lysosomal degradation process, is involved in the development of cancer cell resistance to certain treatments (37) . In addition to the mutations in the EGFR exons, recent studies (24, 38) have demonstrated that autophagy may be another probable route for the mediation of EGFR-TKI resistance. Although it has been previously indicated that combining EGFR-TKIs with autophagy-inducing drugs enhances the cytotoxicity of gefitinib or erlotinib through stimulating autophagic cell death, more evidence supports the role of autophagy as a survival pathway to protect tumor cells against anticancer therapy (47, 48) . Furthermore, the inhibition of autophagy may enhance the sensitivity of cancer cells to various cancer therapies, including chemotherapy, radiotherapy or certain targeted therapies (49) .
Our laboratory reported that autophagy, as a cytoprotective response, may be activated by EGFR-TKIs in lung cancer cells, which may be associated with acquired EGFR-TKIs resistance (13) . Consistent with this hypothesis, Eimer et al (40) reported that inhibition of autophagy induced a marked increase in cell death induced by erlotinib. Based on that finding, the combination of autophagy inhibitors with EGFR-TKIs is attracting increasing attention in cancer therapy. However, the mechanism through which EGFR-TKIs induce autophagy has not been elucidated. One or more pathways should be focused on to elucidate the reason for autophagy in EGFR-TKI-resistant cells. The understanding of the functional association of autophagy with EGFR-TKI resistance may provide a promising therapeutic strategy to circumvent resistance and enhance the effects of EGFR-TKIs in patients with NSCLC.
